We analyse FORS2/VLT I-band imaging data to monitor the motions of both components in the nearest known binary brown dwarf WISE J104915.57-531906.1AB (LUH 16) over one year. The astrometry is dominated by parallax and proper motion, but with a precision of ∼0.2 milli-arcsecond per epoch we accurately measure the relative position change caused by the orbital motion of the pair. This allows us to directly measure a mass ratio of q = 0.78 ± 0.10 for this system. We also search for the signature of a planetary-mass companion around either of the A and B component and exclude at 3-σ the presence of planets with masses larger than 2 M Jup and orbital periods of 20-300 d. We update the parallax of LUH 16 to 500.51 ± 0.11 mas, i.e. just within 2 pc. This study yields the first direct constraint on the mass ratio of LUH 16 and shows that the system does not harbour any close-in giant planets.
INTRODUCTION
The binary brown dwarf WISE J104915.57-531906.1 (**LUH 16), hereafter LUH 16 (Luhman 2013 ) represents a unique opportunity to study the properties of substellar objects because of its proximity of 2 pc to the Sun. The system consists of a primary with spectral type L7.5 (component A) and a T0.5 secondary (component B) (Burgasser et al. 2013 ). Both show strong Li I absorption in their optical spectra (Faherty et al. 2014) , which confirms that they are the nearest brown dwarfs yet discovered. The system's orbital period was estimated at 25-30 years (Luhman 2013; Mamajek 2013) and measuring the orbital motion offers the opportunity of constraining the component masses, hence determining yet unknown fundamental parameters of the system. LUH 16 is also an excellent target to search for orbiting planets (Gillon et al. 2013; Boffin et al. 2014) , allowing us to investigate planet formation around brown dwarfs.
DATA REDUCTION
We analysed FORS2 images of LUH 16 taken between April 2013 and May 2014 that were retrieved from the ESO archive (Programmes 291.C-5004 and 593.C-0314; PI: Boffin). The instrument setup and observation strategy used in these programmes (I-Bessel filter, several dithered frames per epoch, target position on CCD chip1, constraints on airmass and atmospheric conditions) are very similar to those of our exoplanet search survey ) and we reduced the data with our methods developed for that purpose (Lazorenko et al. 2009 . Table 1 summarises the data we used and lists the epoch number, the mean date of the epoch exposures, the average airmass and the average FWHM measured for star images. There are 22 epochs spanning 399 d, and every epoch consists of 16 to 42 usable individual exposures (N f ) taken over ∆t = 0.5 h on average, resulting in a total of 583 exposures. Figure 1 shows an example image. We used 585 reference stars located within a radius of 2. 2 of LUH 16 to measure the motion of the binary relative to the background field. They span a magnitude range of I ∼ 15 − 21, where 41 stars are within ±1 mag of LUH 16A. The components A and B were resolved in the images and we obtained their individual astrometry with an average perepoch precision of 0.15 and 0.17 milli-arcsecond (mas), respectively.
MASS RATIO MEASUREMENT
The standard model for FORS2 astrometry has seven free parameters (∆α 0 , ∆δ0, µα , µ δ , , ρ, and d) and reproduces the astrometric measurements of a target α m 1 and δm in RA and Dec, respectively, in frame m at time tm relative to the reference frame of background stars (Lazorenko et al. 2011; Sahlmann et al. 2014) :
where ∆α 0 , ∆δ0 are coordinate offsets, µα , µ δ are relative proper motions, and the parallactic motion is expressed as the product of relative parallax and the parallax factors 1 We use the notation α = α cos δ throughout the text. Πα, Π δ . The parameters ρ and d model differential chromatic refraction (DCR) and their coefficients f1,2 are functions of zenith angle, temperature, and pressure (Lazorenko 2006; Sahlmann et al. 2013 ).
The epoch-averaged astrometry of LUH 16A and B is given in Table 1 . Transformation to the ICRF was performed using 118 reference stars that are included in the USNO-B catalogue Monet et al. (2003) . The residual dispersion of this mapping leads to an uncertainty of 80 mas in the absolute coordinates of LUH 16. However, all our results were obtained by fitting the 583 single-frame astrometric measurements, which are available upon request.
Individual astrometry
We first modelled the individual astrometry α A ,δA and α B ,δB of LUH 16 A and B separately using Eq. (1). We abandoned this approach because the resulting proper motions differed significantly between A and B by −212.1 ± 0.2 and 322.1 ± 0.2 mas/yr in µα and µ δ , respectively, which is unphysical for a gravitationally bound system. In addition, the epoch residuals for A (0.9 mas r.m.s.) and B (1.1 mas r.m.s.) were anti-correlated and much larger than our measurement uncertainties, indicating that the motions of A and B are not independent and should be modelled globally. Figure 2 shows the position of component B relative to A obtained as α B −α A and δB −δA for every observation epoch. Over the course of the observations, the relative separation decreases by 0. 41 whereas the position angle decreased only slightly by 4.9
Orbital motion
• from its initial value of 314
• . We thus detect the effect of the orbital motion of the system, with an amplitude that agrees with the prediction of Burgasser et al. (2013) and that is consistent with the ∼1. 5 separation measurement of Luhman (2013) . The direction of the relative motion indicates a highly inclined or very eccentric orbit.
Barycentre motion and mass ratio
In a binary system, the astrometric orbital motions of the primary and the secondary relative to the barycentre are determined by the orbital period P , inclination relative to the sky plane i, eccentricity e, argument ω and time T0 of periastron, ascending node Ω, and the component masses mA and mB (e.g. Hilditch 2001 ). The latter are related to the barycentric semimajor axesāA andāB viaāA/āB = mB/mA = q, where q is the mass ratio. Because the orbital parameters of A and B only differ by 180
• in the argument of periastron, the position α γ ,δγ of the barycentre at any time is tied to the positions of the individual components:
We thus computed the barycentre positions of LUH 16 for a range of mass ratios according to Eq. (2) and fitted them with the model Eq.
(1). The covariance matrices associated with the measurements of A and B were accounted for accordingly and a linear least-squares fit (cf. Sahlmann et al. 2014 ) was used to obtain the model parameters and their uncertainties for every value of q. Figure 3 shows the result for the mass ratio producing the smallest epoch χ 2 . The residual RMS is 0.23 mas, i.e. much smaller than for the individual fits discussed in Sect. 3.1. However, it is still larger than the average epoch precision of 0.11 mas. We attribute this to the decreasing relative separation of the pair, which in the second season approaches the median FWHM value of 0. 7. As a consequence, the images of A and B overlap more and more, which introduces errors of a few milli-pixel in our photocentre estimation.
To determine the mass ratio of LUH 16, we inspected the epoch χ 2 metric shown in Fig. 4 , which has a parabolic shape with a well-defined minimum. The χ 2 is minimum for q = 0.78 +0.10 −0.09 , where we derived the 1-σ confidence interval from the q-values where the curve reaches a ∆χ 2 = +9.3039, appropriate for a fit with 8 free parameters. Table 2 shows the best-fit parameters at optimal χ 2 and their systematic variation with q within its 1-σ interval.
In addition to the minimum χ 2 criterion, we also inspected the correlations between the mass ratio value and the derived proper motions. Because proper motions have been measured with high relative precision from data spanning 33 years (Luhman 2013) , we can use them to determine which q-values are meaningful 2 . As shown in Fig. 5 , there is good agreement between the q values determined via χ 2 and the range of values that are compatible with the proper motions of Luhman (2013) .
Updated parallax
The analysis above also allows us to determine the parallax of LUH 16 with high precision. To convert the relative parallax in Table 2 to absolute, we used the methods described in Sahlmann et al. (2014 Sahlmann et al. ( , 2013 ) and the Galaxy model of Robin et al. (2003) mas, using the measured parallaxes of 175 reference stars. Taking into account the mass ratio uncertainty, we thus update the absolute parallax of LUH 16 to 500.51 ± 0.11 mas, which agrees with the estimate of Luhman (2013) and corresponds to a distance of 1.9980 ± 0.0004 pc.
Prospect for measuring individual masses
Whereas currently the estimation of individual masses relies on theoretical models, it will be possible to determine them accurately by mapping the relative orbit over about half of a revolution. The physical relative semimajor axis is proportional to MA + MB, which in combination with our mass ratio measurement yields direct individual masses. We attempted to constrain the relative orbit using the small arc measured with FORS2, by considering only two extreme configurations: a face-on eccentric orbit and an inclined circular orbit. A face-on orbit is highly unlikely because it requires extreme eccentricities (> 0.95) and very short orbital periods (< 8 years) to come close to reproduce the measurements. On the other hand, a circular orbit provides an acceptable fit to the data (residual epoch r.m.s. of ∼1.6 mas) for an inclination of 95
• and an orbital period of 45 years, which is slightly longer than previous period estimates (Mamajek 2013; Burgasser et al. 2013 ). The configuration shown in Fig. 6 is the best fit to the data with 4 free parameters (MA = 0.06 M , q = 0.78, e = 0, ω = 180
• were fixed) and is compatible with the elongation of the ESO optical image in 1984 discussed by Mamajek (2013) . A highly inclined orbit is the most likely to be observed for a ensemble of randomly oriented orbits, however, this simplified and tentative orbit will have to be revised with future measurements. If the 45 year period is accurate, we estimate that reliable individual masses can be obtained around the year 2030. 
LIMITS ON A TERTIARY COMPONENT
The small residuals of the barycentre fit presented in the previous section assert that our model represents the data well. We can thus use the data to derive limits on a possible third body in the system, which would introduce an additional astrometric signal. We first searched for significant signals in the residual periodogram, finding none. At a fixed distance, the astrometric signature of an unseen companion depends on its mass, the orbital period, and the geometric configuration of the system. Accounting for the actual FORS2 sampling and the accuracy of our measurements, we then derived companion detection limits as a function of period and mass. We followed the procedure of Sahlmann et al. (2014) , which consists in simulating 5000 circular orbits for each point in a grid of 100 periods (20-1000 d) and 60 companion masses (0.1-5 MJ ), i.e. 30 million pseudo-orbits, with randomly assigned parameters Ω, T0, i, the latter with a probability density function of 1 2 sin i. For every orbit, the astrometric signal is computed at the sampling times and added to the observed astrometry, followed by the linear fit using Eq. 1. A companion of given mass and period is considered detected if 99.7% of the corresponding pseudo-orbits have a residual r.m.s. larger than the one observed for the target. This procedure yields 3-σ mass detection limits as a function of period.
We run these simulations for both components of LUH 16, where an additional step is required because the reference residual r.m.s. was obtained for the barycentre. A photocentre shift of component A and B will result in an apparent barycentre shift detected by our measurements that is smaller by a factor of 1/(1+q) and q/(1+q), respectively (Eq. 2). Therefore we consider host masses of MA = 0.06 M , appropriate for an age of ∼3 Gyr (Faherty et al. 2014) , and MB = qMA 0.047 M and increased the reference r.m.s. by the respective reciprocal factor, which deteriorates the detection limit. We repeated this with MA = 0.03 M , corresponding to a younger age of ∼0.5 Gyr. Figure 7 shows the maximum mass of any putative companion to LUH 16 A and B as a function of its orbital period. The sensitivity deteriorates for very short periods because the astrometric signal decreases, at long periods be- cause those exceed the measurement timespan, and at 365 d because of correlation with the parallax signal. However, for orbital periods between ∼20 and ∼300 days (∼0.05-0.4 au), the FORS2 data exclude at 3-σ confidence the presence of planetary companions with masses larger than ∼2 Jupiter masses (MJ) around A and B, assuming a primary mass corresponding a 3 Gyr age. At 100 d period, any companion more massive than Jupiter is excluded. If LUH 16 is younger ∼0.5 Gyr, the detection limits are a factor of two better. These limits also exclude the presence of a third brown dwarf in the system within the explored period range, except for a potential companion that has equal mass and I-band luminosity as the object it orbits, because for these systems the induced photocentre shift would be null.
We thus excluded that either of the LUH 16 components harbours a giant planet more massive than twice the mass of Jupiter in a short period (20-300 d) orbit, which disagrees with the conclusions of Boffin et al. (2014) . So far, the system appears to consist of only two components.
CONCLUSIONS
We analysed multi-epoch imaging observations of LUH 16 and measured the astrometric motions of both the L-and Tdwarf components that show considerable orbital motion. By modelling the system's barycentre, which follows the standard parallax and proper motion, we determined the mass ratio of the two brown dwarfs to be q = 0.78 +0.10 −0.09 , which is a model-free measurement derived directly from the astrometry and that does neither depend on the parallax value nor on the orbital parameters. In comparison with other ultracool binaries, this mass ratio is low but not exceptional (Liu et al. 2010) . We also updated the parallax to 500.51 ± 0.11 mas.
As one of the closest stellar objects to the Sun, LUH 16 is an ideal target for astrometric planet search. We used the FORS2 astrometry to search for a planet in the LUH 16 system and found no significant signal. We excluded the presence of Jupiter-mass planets in short period orbits. Continued monitoring with FORS2 or other instruments will improve the sensitivity to lower-mass planets and complementary imaging, spectroscopic, and photometric observations will allow us to further investigate the presence of extrasolar planets in the immediate solar neighbourhood. The results presented here contribute to the detailed characterisation of LUH 16, which is a fundamental system for understanding brown dwarfs and their physics. Our mass ratio determination helps with the interpretation of spectroscopic and photometric observations, leading to a better picture of the properties of LUH 16. 
